Very high-energy γ-ray emission from PKS 0447−439 was detected with the H.E.S.S. Cherenkov telescope array in December 2009. This blazar is one of the brightest extragalactic objects in the Fermi Bright Source List and has a hard spectrum in the MeV to GeV range. In the TeV range, a photon index of 3.89 ± 0.37 (stat) ± 0.22 (sys) and a flux normalisation at 1 TeV, Φ 1TeV = (3.5 ± 1.1(stat) ± 0.9(sys)) × 10 −13 cm −2 s −1 TeV −1 were found. The detection with H.E.S.S. triggered observations in the X-ray band with the Swift and RXTE telescopes. Simultaneous UV and optical data from Swift UVOT and data from the optical telescopes ATOM and ROTSE are also available. The spectrum and light curve measured with H.E.S.S. are presented and compared to the multi-wavelength data at lower energies. A rapid flare is seen in the Swift XRT and RXTE data, together with a flux variation in the UV band, at a time scale of the order of one day. A firm upper limit of z < 0.59 on the redshift of PKS 0447−439 is derived from the combined Fermi-LAT and H.E.S.S. data, given the assumptions that there is no upturn in the intrinsic spectrum above the Fermi-LAT energy range and that absorption on the Extragalactic Background Light (EBL) is not weaker than the lower limit provided by current models. The spectral energy distribution is well described by a simple one-zone Synchrotron Self-Compton (SSC) scenario, if the redshift of the source is less than z 0.4.
Introduction
With only few exceptions, the Active Galactic Nuclei (AGN) so far detected in very high-energy γ-rays (VHE; E 100 GeV) belong to the class of blazars and are thought to have their jets closely aligned to the line of sight, which leads to an amplification of their apparent luminosity through relativistic beaming. While flat-spectrum radio quasars (FSRQ) account for an important fraction of sources detected at energies in the MeV to GeV range (>40% of blazars of known type, Ackermann et al. 2011 ), the population of blazars detected at VHE is largely dominated by BL Lac-type objects -especially high-frequency peaked BL Lac objects (HBL), as defined by Padovani & Giommi (1995) .
A general difficulty in the study of BL Lac objects is that their redshifts are often unknown or not well determined, since spectral features from the host galaxy become undetectable due to the dominance of the non-thermal emission from the jet. Therefore, about 50% of the BL Lac objects detected with Fermi-LAT (Ackermann et al. 2011 ) have an unknown redshift, and this is also the case for PKS 0447-439. The source was first discovered in the radio band (Large et al. 1981) and has since been detected in several observations in the radio, infrared, optical, ultraviolet and X-ray bands (White et al. 1994; Gregory et al. 1994; Lampton et al. 1997; Craig & Fruscione 1997; Haakonsen & Rutledge 2009 ). It was identified as a bright BL Lac object by Perlman et al. (1998) and classified as an HBL by Landt & Bignall (2008) , based on the ratio of the radio core luminosity at 1.4 GHz over the X-ray luminosity at 1 keV.
A first evaluation of its redshift of z= 0.107 (Craig & Fruscione 1997 ) was based on a mis-identification with a Seyfert 1 galaxy 1 . Subsequent observations with the CTIO 4m telescope led to an estimation of z=0.205 (Perlman et al. 1998 ). However, this claim was based only on a very weak spectral feature that the authors identifed as the Ca II line in an otherwise featureless spectrum. This result was not confirmed by a more recent attempt at determining the redshift of the source. The analysis by Landt & Bignall (2008) yielded only a lower limit of z>0.176, based on the photometric method described by Piranomonte et al. (2007) , which was applied to a featureless spectrum resulting from observations with the CTIO and NTT telescopes.
A recent analysis of observations of the source, which were carried out with the CTIO and NTT in 2007, puts a very high lower limit of z ≥ 1.246 on its redshift (Landt 2012 ). This result is based on weak absorption lines interpreted as the Mg II λ2800 doublet. Such a high redshift is very difficult to reconcile with the detection of γ-rays from the source with energies of several TeV, given the absorption by the extragalactic background light (EBL). A more likely explanation is that the feature in the optical spectra corresponds to atmospheric absorption. The most recent data (Pita et al. 2012) , taken with the X-Shooter telescope (ESO/VLT), do not confirm the high redshift value suggested by Landt (2012) , but show instead a featureless spectrum apart from atmospheric absorption lines, at wavelengths that coincide exactly with the putative Mg II doublet suggested by Landt (2012) . This has also been confirmed subsequently by observations with the Clay Magellan II telescope (Fumagalli et al. 2012) .
While the optical spectrum of PKS 0447−439 is featureless and seems strongly dominated by non-thermal emission from the jet, observations with ATCA in the radio band show an extended, lobe-dominated source (Landt & Bignall 2008) . The emission from the jet, although strong at optical energies, is much weaker at radio energies, possibly due to synchrotron self-absorption.
High energy (HE) emission in the MeV to GeV range from the source has been detected with Fermi-LAT (Atwood et al. 1 private communication with H. Landt and M. Véron-Cetty 2009 ). PKS 0447−439 is associated with 0FGL J0449.7-4348, one of the brightest blazars in the Fermi Bright Source List ), and has a hard spectrum in the HE band, which has made it a prime target for observations in the VHE range. In 2009, VHE emission from the source was discovered with the H.E.S.S. (High Energy Stereoscopic System) Cherenkov telescope array (Raue et al. 2009 ) and preliminary results were presented (Zech et al. 2011) .
In the present work, the final results of the H.E.S.S. analysis, using an updated analysis chain, are presented, together with simultaneous data at other wavelengths. Constraints on the emission processes and on the redshift of the source are discussed. Details on the VHE data analysis are provided in Section 2. The discovery of VHE emission triggered observations of the source with the RXTE and Swift space telescopes in the X-ray, UV and optical bands. All the available multi-wavelength (MWL) data, including also optical data from the ATOM and ROTSE telescopes, situated on the H.E.S.S. site, are presented in Section 3. The spectral energy distribution (SED) and the temporal flux evolution in different energy bands are discussed in Section 4. The comparison of the spectra measured with Fermi-LAT and H.E.S.S. is used to derive a firm upper limit on the redshift of the source. An interpretation of the SED following a standard synchrotron self-Compton (SSC) scenario is suggested in Section 5 for different assumptions on the redshift of the source.
Throughout the paper, a concordance cosmology model with
and Ω Λ = 0.7 is assumed. Unless otherwise indicated, all errors are statistical and are given at the 1σ (standard deviation) confidence level.
H.E.S.S. data analysis
A total of 13.5 hours of good quality data were taken between November 2009 and January 2010 at the source position of PKS 0447−439 with the Cherenkov telescopes of the H.E.S.S. array, located in the Khomas highland in Namibia. Data taken when less than three of the four telescopes were fully operational have been rejected. Most of the data presented here are from December 2009. Only 0.9 hr of observations from November 2009 and 0.4 hr from January 2010 were kept in the final data set after standard quality selection (Aharonian et al. 2006) . Zenith angles of the observations range from 20
• to 26
• . Data were analysed using the model analysis (de Naurois & Rolland 2009), which yields a more than twice as high significance for this source than a standard Hillas-type analysis (Aharonian et al. 2006) , mainly due to a better rejection of the cosmic-ray background. For the given range of zenith angles and the minimum requirement of 60 photoelectrons per image used in the analysis, the analysis yields an energy threshold of about 220 GeV. All results were cross-checked with independent analysis procedures and calibration chains (Aharonian et al. 2006) . The data yield a strong VHE signal at a statistical significance of 15.2σ. The flux measured above 250 GeV was ∼3% of the flux from the Crab Nebula measured with H.E.S.S above the same threshold. The best fit position of the VHE γ-ray excess (α J2000 • 50 ′ 9 ′′ ). The distribution of the γ-ray excess as a function of the squared angular distance from the nominal source position (Fig. 1 ) has been determined using the "reflected background" method (Berge et al. 2007) . From the on-and off-region, 336 and 1439 events were detected, respectively, with a relative normalisation factor between the regions of 0.083.The distribution of the on-source events is consistent with that expected from a point source. An average power-law spectrum measured over the whole observation period has been extracted using forward folding with a maximum likelihood optimisation (Piron et al. 2001) . The derived VHE spectrum is very soft, with a photon index Γ = 3.89 ± 0.37 (stat) ± 0.22 (sys) and a flux normalisation at 1 TeV of Φ 1TeV = (3.5 ± 1.1) × 10 −13 cm −2 s −1 TeV −1 . The equivalent χ 2 of the fit is 36 for 26 degrees of freedom (d.o.f.) with a chance probability of 0.1. The systematic uncertainty in the flux normalisation is about 25%. There is no significant indication for a spectral break or curvature in the observed spectrum.
The nightly binned integrated flux above 250 GeV has been extracted using the measured photon index (cf. (Vaughan et al. 2003) over the complete observation period is F var = 0.82±0.20. This is marginal evidence that the VHE flux was higher during December 2009 compared to the previous and the following month, although the statistics for these months are very limited due to the short duration of good-quality observations. 
Multiwavelength data

High Energy data from Fermi-LAT
PKS 0447−439 has been detected in all three Fermi-LAT pointsource catalogues and is associated with the source 2FGL J0449. 4-4350 (Ackermann et al. 2011) in the latest catalogue. A fit of a constant to the light curve from the Fermi-LAT two-year point-source catalogue yields an average photon flux between 0.1 GeV and 100 GeV of (7.75 ± 0.24) × 10 −8 cm −2 s −1 . The energy flux in this range is quoted as (1.36 ± 0.06) × 10 −10 erg cm −2 s −1 . The photon index, derived from the likelihood analysis for 0.1 GeV to 100 GeV, has a value of 1.86 ± 0.02, indicating a hard spectrum. The source is seen to be variable (variability index of 91.9), with the maximum peak occurring on MJD 54757 (October 10, 2008) . The monthly averaged flux around this peak between 0.1 GeV and 100 GeV is (1.56 ± 0.16) × 10 −7 cm −2 s −1 . Fermi-LAT data have been analysed between MJD 54682 (August 4, 2008) and MJD 55819 (September 15, 2011) , in an energy range from 0.1 GeV to 200 GeV. The Fermi-LAT analysis was performed on the publicly available data, using the binned likelihood method (cf. Ackermann et al. 2011) collaboration. Source class events are considered in a circular region of interest with a radius of 10 • around the nominal position of PKS 0447-439, using the P7V6 SOURCE instrumental response functions. A cut was applied on the zenith angle with respect to the Earth (<100
• ), and on the rocking angle (<52 • ). All the objects included in the 2FGL within 15
• were included in the model reconstruction of PKS 0447-439. The isotropic model iso p7v6source was used to account for both the extragalactic diffuse emission and residual instrumental background, while the spatial template gal 2yearp7v6 v0 was used to account for the contribution from the Galactic diffuse emission.
This analysis yields a photon index of 1.86 ± 0.02 and an integrated energy flux between 0.1 GeV and 200 GeV of (1.45 ± 0.05) × 10 −10 erg cm −2 s −1 . A long-term light curve with a binning of 90 days has been extracted, assuming a power-law spectrum with a fixed index of 1.86 (Fig. 4) . A second analysis has been carried out with a maximum energy of 100 GeV, as used for the 2FGL, yielding an integrated energy flux between 0.1 GeV and 100 GeV of (1.26 ± 0.05) × 10 −10 erg cm in these analyses is 10% at 0.1 GeV, 5% at 0.5 GeV and 10% at 10 GeV and above (cf. Ackermann et al. 2011 ).
In the Fermi-LAT long-term light curve (cf. Fig. 4 ), a period of relatively constant flux was identified between August 7, 2009 (MJD 55050) and December 20, 2009 (MJD 55185) , an interval which includes the nights of H.E.S.S. observations of the source in 2009. For this selected period, an averaged spectrum with a power-law shape was extracted with a photon index of 1.85 ± 0.05 (included in Fig. 7 ). Using the gtlike tool and assuming a power-law shape for the source spectrum, the test statistic (TS) of the likelihood analysis of PKS 0447−439 is 1143, corresponding approximately to a 34σ detection. The TS is 1143.43 for the power-law fit, 1143.66 for a log-parabolic fit, and 1146.23 for a fit with a broken power law. Comparing the log-parabolic model with the power law yields a log likelihood ratio (LLR) of 0.30. For the comparison between the broken power-law and the power-law model, the LLR is 2.96. Thus, spectral shapes more complex than a power law do not result in an improvement of the likelihood for PKS 0447−439.
For the period of constant flux (MJD 55050-55185), an integrated flux between 0.1 GeV and 200 GeV of (1.08 ± 0.09) × 10 −7 cm −2 s −1 was found. A fit of a constant to the selected period of the Fermi-LAT light curve (in bins of 3 day) yields a chance probability of 0.98 (χ 2 /d.o.f. = 27.3 / 44). The most energetic photon detected within the 95% point-spread function (PSF) containment radius was found at 4.6 arcminutes from the nominal source position, with an energy of 95.5 GeV. For the full period (MJD 54682-55819), the most energetic photon within the PSF of the source has an energy of 147.5 GeV, while the energy resolution at this energy is about 12%. A part of the Fermi-LAT light curve, binned in intervals of three days, is included in Fig. 5 .
X-ray data from RXTE and Swift XRT
The discovery of a VHE signal from PKS 0447−439 triggered observations with the RXTE and Swift space telescopes. In December 2009, 11 pointings were taken with the PCA units of RXTE (Jahoda et al. 1996) . The STANDARD2 data were extracted using the HEASOFT 6.9 analysis software package provided by NASA/GSFC, and filtered using the RXTE Guest Observer Facility (GOF) recommended criteria. Only signals from the top layer of the PCA were selected. The faint background model was applied. Due to low statistics, the data from several consecutive pointings had to be added together to allow the extraction of energy spectra (cf. Table 2 ). The spectra were extracted between 3 and 12 keV using XSPEC v.12.6.0, with a fixed column density of N H = 1.24 × 10 20 cm −2 (Kalberla et al. 2005) .
A power-law model was used for spectral fitting. No significant improvement was noted when using a broken power law. The parameters of the spectra for the different pointings are listed in Table 2 and the light curve is included in Fig. 5 and will be discussed in Section 4.1.
In the soft X-ray band, the source was observed with Swift XRT (Burrows et al. 2005 ) in 7 pointings taken in December 2009. The analysis of the XRT data (in photon-counting mode) was carried out with the HEASOFT 6.9 standard tools. Source events were extracted within a circle with a radius of 20 pixels (∼47 arcseconds), while background events were extracted from both an annular region around the source (between 30 and 80 pixels) and a nearby source-free circle with a radius of 80 pixels. It was found that in some pointings pile-up was present. In these cases, the internal part of the PSF was excluded in the event selection and data were extracted in an annular region with an outer diameter of 30 pixels, while the inner radius was chosen by fitting the radial distribution with a King profile. Using the grppha tool, bins were grouped to yield at least 30 counts per bin, and the data were fitted with a single or broken power law, with the same fixed column density as given above. Only points in the intervals from 0.3 to 0.45 keV and from 0.6 to up to 6 keV were included in the fit to suppress known systematic effects at intermediate energies (Campana et al. 2006) .
The results from the power-law and broken power-law fits were compared using an F-test, where a broken power law with a break at around 1 keV was preferred at a probability of >99% for two pointings, as indicated in Table 3 . The hypothesis of additional, intrinsic absorption was also tested and was not found preferable over the power laws with Galactic absorption. The light curve of the soft X-ray flux is included in Fig. 5 and will be discussed in Section 4.1.
The data taken with Swift XRT and RXTE PCA are not simultaneous, with the exception of MJD 55184 (Dec. 19, 2009) , where an overlap of about 0.7 ks occurs. For this night, data from the first pointing with PCA have been jointly analysed with data from the second pointing with XRT. A fit of the combined spectra with a power law yields a photon index of 2.31 ± 0.03 and a deabsorbed energy flux of (1.16 +0.06 −0.11 ) × 10 −11 erg cm −2 s −1 between 2 and 10 keV for a fixed N H = 1.24 × 10 20 cm −2 . This fit has a reduced χ 2 of 0.91 for 72 d.o.f. A fit with a broken power law does not yield a significant improvement.
Ultra-violet and optical data from Swift UVOT, ATOM and ROTSE
Simultaneously to the Swift XRT pointings, observations in the ultra-violet (UV) and optical bands were made with the Swift UVOT instrument (Roming et al. 2005) . Data were taken with the six available filters (v, b, u, UVW1, UVM2, UVW2 -in order of increasing frequency). UVOT counts were extracted within a radius of 5 arcseconds centered on the source. Flux densities have been extracted with uvotmaghist v1.1 and have been multiplied with the central wavelength of each filter (Poole et al. 2008) . Galactic extinction has been corrected for, following Roming et al. (2009) , with an extinction coefficient E B−V = 0.014 (Schlegel et al. 1998) . The light curves are included in Fig. 5 and nightly averaged fluxes are listed in Table 4 . Apart from the data from the Swift UVOT instrument, optical data are also available over longer intervals from the ground-based ATOM (Hauser et al. 2004 ) and ROTSE-IIIc (Akerlof et al. 2003) telescopes, both located on the H.E.S.S. site.
Data from the 75 cm ATOM telescope are available in the B and R bands from September 2009 to December 2012. During the H.E.S.S. campaign, only few observations were taken in the B band and some of them were of insufficient quality to yield acceptable flux measurements due to the presence of clouds. A 4 arcsecond radius of aperture was used to extract the data. In the R band, the ATOM light curve (Fig. 5) The data from both instruments have been corrected for Galactic absorption as described above. Figure 5 shows a comparison of the flux evolution in different energy bands during the time period where data from H.E.S.S. are available (November 2009 to January 2010). The first panel shows the H.E.S.S. light curve above 250 GeV in nightly intervals, with negative flux estimates replaced by upper limits at the 95% confidence level following Feldman & Cousins (1998) . Details on the flux evolution in the H.E.S.S. data were given in Section 2.
Results
Flux evolution in different wavebands
Over the same period, the Fermi-LAT light curve between 0.1 and 200 GeV, binned in intervals of three days, is shown in the second panel. (A light curve with one-day binning suffers from very large statistical uncertainties.) The fractional RMS variability amplitude F var = 0.21 ± 0.22 does not point to any significant intrinsic variability during this period. However, the fit of a constant to the light curve has a χ 2 of 75.3 for 24 d.o.f., corresponding to a chance probability of less than 10 −6 , which indicates a deviation from a constant flux after the stable period between MJD 55050 and MJD 55185 (cf. Sec. 3.1), notably due to the low fluxes on MJD 55195 and MJD 55207. When comparing the H.E.S.S. and Fermi-LAT light curves, it can be seen that the absence of a positive excess in the H.E.S.S. data in November 2009 is reflected in the absence of a signal in the Fermi-LAT flux for the same night where the H.E.S.S. data were taken.
Rapid variability on nightly time scales is clearly detected in the X-ray data (third panel). Fits to a constant of the Swift XRT and RXTE PCA light curves yield chance probabilities below 10 −15 . The fractional RMS variability amplitude for the data 5 H.E.S.S. Collaboration et al.: Discovery of VHE γ-ray emission from PKS 0447-439 Table 2 . Hard X-ray spectra measured with RXTE/PCA. The columns provide for each pointing the start t 0 and end t 1 of observations (in MJD), the live time ∆t (in seconds), the count rate (per second), the integrated deabsorbed flux between 2 and 10 keV (in units of 10 −11 erg cm −2 s −1 ), the photon index, reduced χ 2 and the number of degrees of freedom. Data from the observations in the second to fourth row and in the sixth to ninth row have been summed up to extract spectra with improved statistics. erg cm −2 s −1 ), the photon index below the break energy, the break energy (in keV), the photon index above the break energy, the reduced χ 2 and the number of degrees of freedom. For nights where no break energy is given, Γ 1 is the photon index for a power law over the whole energy range. erg cm −2 s −1 . Errors represent the RMS spread between points for nights where more than one measurement was available (marked with an asterisk *) and the statistical uncertainty in the single measurement otherwise.
from XRT is F var =0.22 ± 0.01 and for PCA F var =0.32 ± 0.05. In the hard X-ray band (2-10 keV), data from RXTE PCA show a flare on MJD 55185 (December 20). The flux drops to about half its peak value on the following night. As far as can be concluded from the limited statistics available, the flare is not accompanied by any significant spectral variation. In the soft X-ray band (0.3-4 keV), the Swift XRT light curve exhibits a flare on MJD 55183 (December 18, 2009) , where the flux reaches a level about twice as high as its lowest value in this observation period. No significant correlation is found between the photon indices and the integrated fluxes for the different pointings. The minimum variability time scale in the X-ray bands has been estimated in terms of the flux doubling time T 2 , following Zhang et al. (1999) . The smallest flux doubling time was found in the XRT light curve with a value of T 2 = 0.87 ± 0.24 days (after discarding results with uncertainties above 30 %), indicating flux variations on the order of one day. It is important to note that none of the pointings of the two X-ray telescopes were exactly simultaneous, with some overlap occurring only during one pointing on MJD 55184 (see Fig. 6 ). The flares seen in the two X-ray bands might be part of the same event, but this cannot be concluded with certainty. No corresponding flare can be seen in the Fermi-LAT data, but flux variations of the order seen in the X-ray band might well be hidden in the statistical uncertainties. In the VHE band, no data are available during the night of the Swift XRT flare.
The data taken with Swift UVOT in the UV band (fourth panel of Fig. 5 ) show significant variation in the u-and UVW1-filters, when fit with a constant flux (chance probabilities < 10 −11 ; F var = 0.08 ± 0.01 for the U-filter and F var = 0.09 ± 0.01 for the UVW1-filter). Variation in the UVW2-and UVM2-filters is only marginally significant. A variation is seen in the flux evolution that is simultaneous to the flare detected with Swift XRT. When looking at the nightly averaged UV fluxes, the flux increase in the UVOT data between MJD 55182 and MJD 55183 is not significant, but there is evidence of a flux decrease of about 10% between MJD 55183, where the X-ray flare is seen, and the following night (see Fig. 6 and Table 4 ).
In the optical band (last panel of Fig. 5 ), flux variations during the period where the X-ray flares are seen are not statistically significant (with a 2% chance probability for a fit of a constant to the light curve in the UVOT v-filter), but there is an indication for a flux decrease between MJD 55183 and the following night in the v-and b-filters observed with Swift UVOT. This is not visible in the R band, covered with ATOM and ROTSE. ATOM data in the B band suffer from large uncertainties during several nights, since these observations are affected by clouds, and no significant variation was detected.
Spectral energy distribution
The spectral energy distribution of PKS 0447−439 is presented in Fig. 7 (the models are discussed in Section 5). The VHE spectrum is not corrected for absorption by the EBL, since it depends on the unknown redshift of the source. The spectral slope is very steep, which might be at least partially due to absorption on the EBL. In the high-energy γ-ray band, the rather flat Fermi-LAT spectrum, extracted over a period of more than four months of relatively constant flux (cf. Section 3.1), suggests a wide peak, followed by the steep spectrum in the VHE range.
In the X-ray range, the combined spectrum including Swift XRT and RXTE PCA data for MJD 55184 is included in the SED. These data represent an average flux level between the observed peak and the lowest observed flux in the Swift XRT light curve. Swift UVOT data and optical data from the ATOM telescope are also included for this night. The optical and X-ray data have been corrected for Galactic absorption as described in Section 4.1. Archival radio data from several catalogues (PKSCAT90, Wright & Otrupcek (1990) ; PMN, Wright et al. (1994) ; SUMSS, Mauch et al. (2003) ; CRATES, Healey et al. (2007) ; AT20G, Murphy et al. (2010) ; ATPMN, McConnel et al. (2012) ) have been added to the SED.
The SED clearly shows the double-bumped structure that is characteristic of BL Lac objects. The peak frequency of the highenergy bump is relatively well constrained with the information from the Fermi-LAT and H.E.S.S. data, if a certain redshift of the source and EBL model are assumed. The detection of a flare in X-rays and a correlated variation in the UV flux suggests a common origin for the emission in these wavelength bands (at least above the R band). Given the high flux level in the optical and UV range -as compared to the lower X-ray flux -and the rather hard X-ray spectrum, the synchrotron peak must be located not far above or within the UV range. It is possible that at the relatively long wavelengths seen in the R band, another component dominates the optical flux. There might be a contribution from the host galaxy, but given the featureless optical spectrum and the non-detection of an extension of the source so far, a non-thermal component seems more likely. An extended jet might be responsible for the emission at low energies, while the emission at higher energies could stem from a more compact region inside the jet. This would explain that variability is seen in the X-ray and UV range, but not (significantly) in the optical bands. The existence of different radiative components in the optical and high-energy bands in blazars is frequently found (see Abramowski et al. (2012) for a recent example).
Upper limit on the redshift of PKS 0447-439
The combined Fermi-LAT and H.E.S.S. data set is used to derive an upper limit on the redshift of the source. No assumptions are made on the source emission characteristics, other than excluding spectral upturns beyond the Fermi-LAT energy band, which are not expected in general and would be theoretically difficult to account for.
One case of a spectral upturn at high energies might have been seen during a flare of Mrk 501 (Neronov Semikoz & Taylor) . Lefa, Aharonian & Rieger (2011) interpret this hypothetical spectral upturn as resulting from the combination of several emission regions in a leptonic scenario with Maxwell-like particle disbributions. The observational evidence for this feature, however, is weak. For PKS 0447−439 , there is no indication of an upturn in the Fermi-LAT data.
Spectral upturns might also occur in a scenario where the γ-ray flux in the Fermi-LAT band suffers from internal absorption in the source, e.g. on emission from the Broad Line Region (BLR) (Senturk et al. 2011; Poutanen & Stern 2012) or from the accretion disk or torus (e.g. Donea & Protheroe 2003) , and recovers in the VHE band (see also Zacharopoulou et al. 2011) . However, the absence of line features in the optical spectra from BL Lac objects in general suggests that emission from the BLR is negligible in these sources. In the case of PKS 0447-439, the available optical spectra, as discussed in Section 1, do not show any significant features, except for absorption lines from the Earth's atmosphere. The γ-ray data from PKS 0447−439 are best described by power laws, with no indication for absorption on internal photon fields.
The Fermi-LAT power-law spectrum, constructed over the integration period between MJD 55050 to MJD 55185, is extrapolated to the highest energies to serve as an upper limit on the unabsorbed flux in the VHE band. Following the method proposed by Georganopoulos, Finke & Reyes (2010) , the ratio between the VHE flux and the extrapolated Fermi-LAT flux provides an upper limit on the optical depth, as a function of energy, due to EBL attenuation. A comparison of this upper limit with the predictions of a given EBL model as a function of redshift can be translated into an upper limit on the redshift of the source. This method has been used to constrain the density of the EBL with data from Fermi-LAT and MAGIC from the FSRQ PKS 1222+21 (Aleksić et al. 2011) . A similar approach was applied to Fermi-LAT and VHE data from the BL Lac ob- ject PG 1553+113 to derive an upper limit on its unknown redshift (Abdo et al. 2010) .
Intrinsic softening of the spectrum beyond the Fermi-LAT band, which might well occur in PKS 0447-439, would only lead to a lower value for the inferred redshift and would thus not be in contradiction with the derived upper limit. A problem in the interpretation of the upper limit would only arise in non-standard emission scenarios, in which absorption on the EBL is partially avoided. This is the case for scenarios (e.g. Essey et al. 2011; Murase et al. 2012; Aharonian et al. 2012; Taylor et al. 2011; Aharonian et al. 2002) , where the observed γ-rays are interpreted as secondary photons produced outside of the source in interactions of primary photons or protons with the cosmological microwave background and the EBL. Another possibility is given by scenarios involving exotic particles or interactions, such as photon-axion oscillations (De Angelis, Galanti & Roncadelli 2011) . Aleksić et al. (2011) to include a correction term for the systematic error on the H.E.S.S. flux, the upper limit on the optical depth τ max is given by
Modifying Equation 1 from
. (1) Here F int (E) is the intrinsic flux, assumed to be a simple extrapolation of the flux measured with Fermi-LAT, F obs (E) is the VHE flux measured with H.E.S.S., with a statistical uncertainty of ∆F obs (E), and (1 − α) is the factor accounting for the systematic error on F obs (E). The systematic error is a measure of the uncertainty in the flux and is expressed as a fraction of the measured flux. For the analysis cuts used here and for the measured spectral index, the factor α equals about 0.26, as determined from detailed Monte Carlo simulations of the instrumental performance, corresponding to a ∼ 26% systematic error on the flux averaged between 0.3 TeV and 2 TeV. This is taken into account in a conservative way, in the sense that α is the maximum factor by which the flux could be overestimated. As shown in Fig. 8 , an upper limit of z<0.45 can be put on the redshift of the source at the 95% confidence level (CL), when using the EBL model by Franceschini et al. (2008) , which generally provides a good description of the observed VHE spectra. Gilmore et al. 2009, "low" model; dotted line: Franceschini et al. 2008 . Right panel: the minimum difference δ min,E 0 between the maximum optical depth derived here and the optical depths predicted by the same EBL models is shown as a function of the redshift. E 0 is the energy for which, at a given redshift, the difference between the derived and predicted optical depths is minimized. The upper limit on the redshift, for each EBL model under consideration, corresponds to δ min,E 0 =0.
Applying an estimation of the lower limit of the EBL level, as provided by the "low" model by Gilmore et al. (2009) and by the model by Kneiske & Dole (2010) , a more conservative upper limit of z<0.59 and z<0.58 is derived, respectively.
A detailed discussion of the inclusion of statistical and systematic uncertainties of the Fermi-LAT spectrum in the upper limit, not included in Equation 1, is given in Appendix A. It is shown that this approximation is indeed justified in the present case.
An estimate of the redshift of PKS 0447−439 of z= 0.20±0.05 has recently been suggested by Prandini, Bonnoli & Tavecchio (2011) , based on preliminary data from H.E.S.S. (Zech et al. 2011 ) and on an empirical relation between observed photon indices in the Fermi-LAT and VHE band (Prandini et al. 2010) . Such an estimate is based on the assumption that all detected VHE blazars share very similar intrinsic spectral properties. The most conservative upper limit of z<0.59 derived in the present work, on the other hand, provides a firm limit on the redshift of the source, which takes into account statistical and systematic uncertainties in the spectral measurements and depends only on minimal assumptions on the spectral shape and the validity of current EBL models.
Interpretation with an SSC Model
The interpretation of the multiwavelength spectrum of PKS 0447−439 is complicated by the fact that the redshift of the source is unknown, but it is possible to study the variation of the model parameters for different redshift values within the derived lower and upper limits. The modelling presented here, based on a simple SSC model, aims at investigating two issues: the physical parameters characterizing the emission region and the maximum allowable redshift of the source that can be accommodated under the assumption of a simple SSC scenario.
The stationary homogeneous one-zone SSC model used for this study is based on the code by Katarzynski, Sol & Kus (2001) . Synchrotron and SSC emission stem from a single population of relativistic electrons and positrons in a spherical plasma blob inside the jet. This blob is characterized by its radius R, Doppler factor δ and homogeneous, tangled magnetic field B. The energy distribution of the relativistic particles is assumed to follow a broken power law with indices n 1 , n 2 , minimum and maximum Lorentz factors γ min and γ max , a break at a Lorentz factor γ br and a normalisation K 1 at a Lorentz factor of γ =1.
When applying the usual light travel time arguments, an upper limit can be derived on the ratio of the size of the emission region (blob) R and its relativistic bulk Doppler factor δ from the observed variabililty time scale δt obs :
The flux variability time scale in the X-ray data of about one day constrains this ratio to Rδ −1 ≤ 2.2×10 15 cm for the lower redshift limit of z=0.176 (cf. Section 1) and to Rδ −1 ≤ 1.6×10 15 cm for the upper limit of z=0.59, derived in Section 4.3. These values are not unusual for BL Lac objects. The synchrotron and SSC peaks are not directly detected, but the peak frequencies can be constrained from the available data. The high flux level and hard spectrum in the optical and UV band, compared to the relatively low flux in the X-ray band, exclude a synchrotron peak position that is too far above the UV data and imply a peak frequency between 10 15 and 10 16 Hz in the observer's frame.
In the Thomson limit, the Lorentz factor at the break in the electron spectrum (γ br ) is defined by the ratio of the observed synchrotron and SSC peak frequencies, ν s and ν c , respectively (Tavecchio et al. 1998) :
This implies a value of γ br between 10 4 and 10 5 , when assuming an SSC peak position between 10 24 and 10 26 Hz. A minimum Doppler factor is given by the opacity condition according to Tavecchio et al. (1998) and Dondi & Ghisellini (1995) 
Here d L is the luminosity distance of the source, F(ν 0 ) the flux at the frequency of the target photons, β the spectral index of the target photons and σ T the Thomson cross-section. For the minimum redshift of z=0.176, this leads to a minimum Doppler factor of δ 14. Assuming a redshift of z=0.3, shown in the following to be still acceptable for a one-zone SSC description, this value would increase to δ 18. In the first two scenarios to be investigated, the redshift is fixed at the lower limit of z=0.176 and at z=0.20, respectively. Good representations of the SED can be found for the parameters listed in Table 5 (first two columns); the modelled SED corresponding to z=0.20 (black solid line) is shown in Fig. 7 for absorption on the EBL with the model by Franceschini et al. (2008) and with the model by Kneiske & Dole (2010) . Emission at the lowest frequencies in the radio band is ascribed to the extended radio lobes (cf. Section 1) and is not modelled here.
To arrive at these solutions, a low magnetic field of B=0.02 G and relatively high bulk Doppler factors of δ=35 and δ=37.5 are assumed. The low magnetic field is necessary to account for the low synchrotron peak frequency. Increasing B, while keeping all other parameters fixed, shifts the synchrotron peak to higher frequencies and prevents a good representation of the X-ray slope. This can be compensated by lowering the Doppler factor accordingly, but then the overall flux level in the model decreases. To boost the flux level, the electron density K has to be increased, leading to a dominance of the SSC peak that cannot be compensated with an increase of the radius of the emission region, due to the constraint from Equation 2. Satisfactory solutions with lower Doppler factors can be found down to δ ∼30. For smaller δ, it becomes increasingly difficult to reproduce the similar flux level in the synchrotron and SSC bumps, while staying in agreement with the other constraints from the data.
As is often seen in SSC scenarios for BL Lac objects, the energy density in electrons and positrons and the magnetic energy density are clearly out of equipartition, with u e /u B ≈ 70.
The minimum Lorentz factor of the electron distribution γ min has to be of the order of a few 100 due to the upper flux limit that is provided by the radio data, although it has to be pointed out that these data are not simultaneous. The break energy of the electron distribution depends on the synchrotron and SSC peak frequencies as discussed above.
An interpretation of the SED has also been attempted for higher redshifts, up to z=0.4 (cf. Table 5 and Fig. 7 ). Only the bulk Doppler factor δ has been increased to compensate for the decreasing flux and spectral shift with higher redshift. With increasing z, absorption on the EBL becomes more severe and the model has a tendency to cut off below the H.E.S.S. spectrum. Trying to correct for this effect with an increasing break energy in the electron spectrum does not improve the result sufficiently and is limited by the position of the synchrotron peak. The model does not provide a satisfactory representation of the H.E.S.S. data for redshifts larger than about 0.35 for the EBL model by Franceschini et al. (2008) and for redshifts larger than about 0.4 for the minimum EBL model by Kneiske & Dole (2010) , as can be seen from Fig 7. In addition, the Doppler factor required to compensate for the effect of increasing redshift, becomes very large for the solutions at high z.
It can also be seen that, in the one-zone SSC scenario, the SSC peak frequency has to be located between 10 24 and 10
25
Hz. Table 5 . Parameters used for stationary SSC modelling of the SED of PKS 0447−439 for different assumptions on the redshift of the source. A description of the parameters is given in the text.
Summary
The distant HBL PKS 0447−439 has been detected in the VHE band for the first time, with a significance of 15.2σ for 13.5 hours of live time. Emission at these energies follows a steep spectrum with a photon index of 3.89±0.37 and shows marginal evidence of variability on a monthly scale. During the H.E.S.S. observations, rapid flaring was detected in the X-ray range, accompanied by a flux variation in the UV range, at a time scale of about one day. This variation is not reflected in the Fermi-LAT and VHE energy bands, but might well be hidden in the statistical uncertainties and by gaps in the coverage. This puts a limit on the size of the emission region, which is comparable to observations from other HBL. A comparison of the Fermi-LAT spectrum with the H.E.S.S. spectrum leads to a conservative upper limit on the redshift of the source (z<0.59 at 95% CL for the lower limit EBL model by Gilmore et al. (2009) ), taking into account statistical and systematic uncertainties. This is a firm upper limit, under the assumptions that the intrinsic flux does not exhibit any upturns above the Fermi-LAT band and that current models provide a correct estimate of the minimum density of the EBL.
Assuming a simple SSC scenario to explain the SED of PKS 0447−439 from the optical to the VHE range, the physical parameters of the emission region and underlying particle distribution were investigated for different redshifts. Good solutions at low redshifts require a low magnetic field and large size of the emission region, close to the upper limit from variability constraints. With a one-zone, homogeneous SSC model, a satisfactory description of the SED from the optical to the VHE range does not seem feasible for redshifts above about 0.4. energy range of interest, the exact solution is in good agreement with the curve used to derive the upper limit on the redshift of the source (cf. Fig. 8 ). The systematic bias added to the Fermi-LAT flux and the inclusion of the statistical uncertainties in the Fermi-LAT flux have a negligible effect.
